present two carbohydrate esterases, RiCE2 and RiCEX, from the Firmicute Roseburia 23 intestinalis, which together deacetylate complex galactoglucomannan (GGM). The 3D-24 structure of RiCEX with a mannopentaose in the active site shows that the CBM35 domain 25
of RiCEX forms a confined complex, where the axially oriented C2-hydroxyl of a mannose 26 residue points towards the Ser41 of the catalytic triad. Cavities on the RiCEX surface may 27 accept galactosylations at the C6 positions of mannose adjacent to the mannose residue 28 being deacetylated (subsite -1 and +1). In depth characterization of the two enzymes using 29 time-resolved NMR, HPLC and mass spectrometry demonstrates that they work in a utilization by gut commensal Firmicutes. 48 49 50
Introduction: 51
Enzymatic acetylation and deacetylation are involved in numerous processes in Nature. 52 N-acetylation of lysine in histones is crucial for the control of gene transcription (1) ; 53 acetylation or deacetylation of N-acetylglucosamine and N-acetylmuramic acid in microbial 54 peptidoglycan affects its degradation by lysozyme (2) . The efficacy of penicillins is also 55 linked to acetylations, e.g. penicillin resistance caused by bacteria expressing cephalosporin 56 esterases (3) . Acetylations are important constituents in some of the most abundant 57 polymers on earth like chitin, pectin, xylan and β-mannan (4, 5) . Enzymes that process these 58 polymers have adapted to a wide array of structurally diverse targets. Studying the 59 structure-function relationships of acetyl esterases and transferases involved is shedding 60 light on this important and very common covalent modification. 61 β-Mannans are polysaccharides present in the secondary cell walls of plants with a 62 backbone consisting of β-1,4-linked D-Manp units (Fig. 1) . The backbone can be interspersed 63 with β-1,4 linked D-Glcp, as in konjac glucomannan (Amorphophallus konjac), decorated 64 with α-1,6-D-Galp as in carob galactomannan (Ceratonia siliqua), or contain both glucose 65 and galactose such as the GGM in Aloe vera and Norway spruce (Picea abies) (6) (7) (8) . 
72
Galactoglucomannans contains various DA's, the spruce mannan used in this study (DA = 0.35) and Aloe vera 73 mannan (DA > 0.5).
75
Depending on the plant origin, mannans differ in their monosaccharide composition, degree 76 and location of acetylations (9). A unique characteristic of the 2-O-acetyl groups of mannans 77 is their relative orientation: 2-O-acetylations are axial, as opposed to other common 78 structural polysaccharides, like xylan, pectin and chitin, that all have acetylations in the 79 equatorial plane of the sugar ring. 80
Acetylation of hemicelluloses affects their biological functions and a range of 81 physicochemical properties and is thought to be a defense mechanism developed as a part 82 of an evolutionary arms race against pathogens (5) as well as contributing to aggregation of 83 cellulose microfibrils (10). Acetylations affect the solubility of the polysaccharides by 84 restricting the formation of hydrogen bonds between chains in solution. Effects of mannan 85 acetylations on the viscosity of solutions make them effective thickeners and stabilizers (9, 86 11) in the food and feed industry where mannans such as guar gum and konjac are 87 commonly used (12, 13). Furthermore, the immunostimulatory properties of Aloe vera (AV) 88 mannan, a common ingredient in nutraceuticals and cosmetics, have been linked to its high 89 degree of acetylation (8). In the context of biorefining, acetylations reduce fermentability 90 (14) and enzymatic degradability, and thus pose a limitation on the utilization of mannans as 91 a feedstock for fermentation. In this respect, deacetylation of mannan by chemical 92 pretreatment or enzymatic treatment with acetyl esterases is known to improve 93 fermentation yields. On the other hand, the recalcitrance resulting from the presence of 94 acetylations also restricts the number of gut microbes able to consume hemicellulose. This 95 may be beneficial as means of providing selective growth of bacteria when hemicellulose is 96 considered as an ingredient of food and feed. 97
Gut microbes are highly adapted to fermenting diet-derived complex carbohydrates 98 and have evolved complex machineries called polysaccharide utilization loci (PULs) to utilize 99 these carbohydrates (15, 16) . Bacteroidetes and Firmicutes are the main polysaccharide 100 degrading commensal bacteria in the human gut (17, 18). β-mannans constitute a small but 101 significant part of human diet that can be found in a wide range of different food products. 102
This may explain why mannan degradation is identified as one of the core pathways in the 103 human gut microbiome (19 (5) . Some CE2 esterases have been considered specific to 6-O-acetylations, which is the 120 position they transacetylate when using vinyl acetate as the acetate donor (25). Enzymatic 121 deacetylation of mannans has previously been described in literature (26, 27), but no 122 esterase exclusively active on mannan has been reported. 123
Here, we report a detailed functional characterization of RiCE2 and RiCEX -two acetyl 124 mannan esterases (AcMEs) from R. intestinalis. The esterases have complementary 125 substrate specificities and act in tandem to deacetylate glucomannan and 126 galacto(gluco)mannan. Furthermore, we report the first structure of an AcME with a 127 Since mannan degradation is a common process in many microbial ecosystems, we 234 searched for microbes carrying protein sequences related to RiCEX. Searching the UniProtKB 235 database with a Hidden Markov Model (HMM, detailed description in the supplementary 236 information) of both domains of RiCEX, we identified 449 protein sequences with the same 237 two-domain architecture. Sequence alignment using MView showed that the catalytic triad 238 (Ser41, His193 and Asp190) and the Trp326 of the CBM domain were conserved in the 90% 239 consensus sequence (Fig. S3 ). While a vast majority of RiCEX homologues came from the 240 phylum Firmicutes (435), 16 hits were identified in Bacteroidetes. Analysis of the 241 neighbouring genes in both Firmicutes and Bacteroidetes genomes and alignment of RiCEX 242 along with five of its homologues (Fig. S4 ) from taxonomically distant bacterial taxa suggests 243 that the active site arrangement might be adapted to a wider range of roles than just 244 deacetylation of β-mannans. 245
To assess if the conserved residues correspond to functionally important structural 246 features of RiCEX, a subset of 77 sequences was selected from the HMM results by using a 247 more stringent E-value, and the conservation pattern was projected on the RiCEX protein 248 surface using the ConSurf Server ( Fig. 3B ) (36). Highly conserved amino acid residues 249 (magenta), semi-conserved (white) and variable residues (blue) are indicated, and it is 250 apparent that both the SGNH and CBM35 domains contribute with conserved residues 251 around the substrate binding site. The residues Ser41, Asn110, His193, Leu47, Phe144, 252 
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The mannan PUL in R. intestinalis encodes an extracellular mannanase -RiGH26 264 which breaks down mannan into oligosaccharides, which are then internalized via an ABC 265 transporter deacetylated by the esterases and further metabolized (20). To approximate 266 these conditions, mannans used in activity testing were hydrolyzed with RiGH26 prior to 267 deacetylation. The two esterases were active on a wide range of mannans but not on 268 structurally similar substrates such as acetylated xylan, cellulose monoacetate or chitin 269 oligosaccharides (Fig. S5) . A selection of mannose-based substrates was used to examine the 270 impact of galactosylations (Norway spruce mannan), mannose units with multiple 271 acetylations (Aloe vera mannan) and different acetylation distributions (konjac mannan, and 272 its chemically acetylated version) on enzyme activity. Neither RiCE2 nor RiCEX were active 273 on birch xylan (as well as its hydrolysate produced with a GH10 xylanase from R. intestinalis 274 (21)), cellulose monoacetate or chitopentaose ( Fig. S5D and E) . The deacetylation specificity 275 was the same on all mannans: there was a partial deacetylation seen whenever one of the 276 esterases was used on its own (red and blue traces Fig. 4A and S5A-C and F). When the two esterases were used together, a complete deacetylation was observed (purple traces Fig. 4A  278 and S5A-C and F). 279
Commercially available and in-house produced substrates contain a wide range of 280 acetylations present in a variety of positions on a mannose unit, and different locations in 281 the oligosaccharide chain, making it challenging to precisely determine the specificity of 282 esterases. In transesterification reactions, non-acetylated substrates are treated with 283 esterases in the presence of an appropriate acyl donor, resulting in an amount of highly 284 specific acetylated oligosaccharides consistent with the free energy of the reaction. 285
Transesterification with vinyl acetate has been used as a measure of substrate specificity of 286 acetyl esterases before (37). To further explore the substrate specificity of Roseburia 287 esterases, we used vinyl-acetate, -propionate and -butyrate as acyl donors. Both enzymes 288 were able to transacetylate and transpropylate (although to a much lesser extent than 289 acetylate) but not transbutyrylate mannotriose ( Fig. 4 and S6) . Both esterases were able to 290 transacetylate all mannose-based substrates tested, including mannooligosaccharides with 291 DP range 2-6, 6 1 -α-D-galactosyl-mannotriose, 6 3 The partial deacetylation observed in Fig. 4 and S5 warranted more detailed analysis 311 of the deacetylation preferences of the esterases. NMR analysis (Fig. 5 ) revealed that the 312 partial deacetylation seen in RiCEX-treated samples was due to the fact that RiCEX 313 exclusively removed all 2-O-acetylations from AV and Norway spruce GGM ( Fig. 5B and 5F , 314 respectively). RiCE2 removed the 3-O-and 4-O-acetylations as well as some of the 6-O-315 acetylations from single acetylated mannose units in the same substrates ( Fig. 5C and 5G) . 
346
Activity assays using para-Nitrophenyl (pNP) acetate, which is a commonly used 347 substrate when screening for esterase activities showed that both esterases appear to be 348 most active near neutral pH (Fig. 6) . Notably, pNP acetate was a highly inadequate substrate 349
for RiCEX with the apparent turnover rate nearly 2 orders of magnitude lower than on 350 Norway spruce GGM (Table 1 ). This is not surprising, considering the topology of the RiCEX 351 active site and the structural difference between the planar phenol ring of pNP and the 352 axially oriented 2-O-acetylation on D-Manp; however, this result highlights the necessity for 353 careful selection of substrates and methods when measuring esterase activity. 354
Both esterases showed near identical kcat and specific activities ( Table 1) resulting rate of deacetylation suggests that the esterases were competing for substrate, an 360 effect observed previously in lignocellulose degrading enzyme cocktails (38). Reaction rates 361 obtained in time-resolved NMR showed an increase in the RiCE2 activity after removal of 2-362 Oacetylations. This effect was not observed in the activity on Norway spruce GGM (Table  363 1), since the substrate used had much fewer double acetylated mannose units. 
382
There is a growing body of evidence that acetylations on hemicellulose are prone to 383 migration on sugar rings and also across glycosidic linkages (39, 40) . This phenomenon 384 requires particular attention when characterizing acetylesterases, since the distribution of 385 acetylations will change under certain conditions. Elevated pH and temperature (>90°C) are 386 known to induce acetyl migration on mannose and xylose (39, 41, 42) . In experiments 387 conducted on monosaccharides, it has been shown that the acetyl groups migrate at pH > 388 occurring. Exposure to just 60°C for one hour at pD 5.9 ( Fig. S7 B) , incubation at pD 7.4 at 396 room temperature ( Fig. S7 C) , or incubation pD 7.4 at 60°C (Fig. S7 D) , caused a decrease in RiCEX, we were able to produce a sample of Norway spruce GGM with all 2-O-acetylations 406 removed. We examined the acetylation levels in solutions of Norway spruce GGM exposed 407 to migration invoking conditions, then treated with RiCEX to remove newly accumulated 2-408 Oacetylations. Both pH increase (Fig. S8 ) and heating to 60 °C for one hour (Fig. S9 ) 409 Our results show explicitly that the choice of substrate and reaction conditions is crucial for 427 studying the specificity of hemicellulose esterases. 428
The potential for industrial application of this enzyme pair is quite apparent. With 429 the activity on gluco-and galacto(gluco)mannans, the pair could be applied to various 430 mannan-containing feedstocks to reduce the recalcitrance of mannans, modify the viscosity 431 of mannans in solution, or to rationally design oligosaccharides with distinct esterification 432 patterns via specific deacetylation or transesterification. Megazyme, Ireland. Aloe vera mannan (Acemannan) was purchased from Elicityl, France. 464
Norway spruce GGM and Aloe vera mannan were hydrolysed with RiGH26 in an unbuffered 465 solution. Samples were then filtered through a pre-washed 1 mL Amicon Ultracel 3kDa 466 ultrafiltration device (Merck KGaA, Germany) to remove the hydrolase and freeze dried. 467
Activity analysis. 469
Activities of the enzymes were tested by adding 1 µM of enzyme to 10 mg/mL solutions 470 of carbohydrate substrates listed above. All substrate solutions were prepared with 20 mM 471 sodium phosphate pH 5.9 to prevent acetyl migration. Reactions were incubated overnight 472 in 20 mM sodium phosphate pH 5.9 at 30°C with 700 rpm shaking. In some analyses, MilliQ 473 water was used instead of buffer to reduce background signals in MALDI-ToF MS as both 474 enzymes were found to be active without buffers. 475 476 Temperature and pH optima using 4-nitrophenyl acetate. 477
In order to determine the pH and temperature optima for the enzymes, reactions with 478 0.5 mM pNP acetate were prepared using 50 mM sodium phosphate buffer (Sigma-Aldrich, 479
Germany) in the pH range 5.5-8.0 (Sigma-Aldrich, Germany). pH optimum reactions were 480 incubated at 25 °C. Due to the difference in deacetylation rate of pNP acetate by the two 481 
